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ABSTRACT
Flux flow experiments were made with a bare strip of supercoeting
lb -2 5A%-!Ti . VAe to low piAiAhg forces it was possible to observe the flux
'low voltage in the full range of external fields from zero to 75 kG. Near
ic2 pr4iliounced peak effects could be observed. It does not seem to be pos-
3ible to explain the take-off points simply on the basis of the heat trans-
'er t6 the helium bath. Current-voltage characteristics of a short sample
.)f a stabilized Nb-Ti conductor were taken with currents up to 13+0 amp
Inc' vfth external fields up to T$'klG. Also, in this case, the take-off
hoiAts were not simply related to the transition from nucleate to film)oing of the surrounding liquid helium. Since the resistance od'- - the
stabilizer at varying magnetic fields could be sufficiently dell
ermined by means of recovery point measurements, it was possible to
alculate the values of the current flowing through the superconductor at
ying temperature and external fields. The temperature dependence proved
k) be linear in accordance with other published work. However, the field
iependence measured here deviates from previous data. Some preliminary
peas menu of heat transfer from metal surfaces to liquid helium are dis-
:usse	 Finally, for comparison, a review of a previous compound conductor
;tability criterion is presented.
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and was prepared primarily for irternal use of +a oak RidV* Matic—i
Laboratory It !s subtsct to revision or corrsc r ion and therefore d"s
not represent o find report.
MOR CW TWS DMMM CS UNM
°r
yam^.
1p P.-vo
r.I
ft
ORNL-TM-1943
• ^(!"
IL C. •►
 ._
MAGNETIC FLUX FLOW
AND SUPERCONIIJCTOR STABILI2ATION
Quarterly Report Covering the Period From
ry
	
^	 g
	
2 
•^	 'RI1
all
ti s
	i^s 	 rya
W	 ^^^	 p ZS3
	
$	 `V 3^ s 0$^A^^ s
1^	 $g °ao0 o `^^
O ks	 ro$
	
^' Y	 O
s Y o 9 y e$	 9 C
S^	 o.
S	 —
	
L Y	 =	 . = 2
	
W j p C	 ^ V Y
	
r C O	 ^
	
0:	 s
r L' • C ,	 Y ^. 6^	 O
^^ i o n y g.^ i
M
April 1, 1967 to June 30, 1967
AUGUST 1467
Prepared for
George C. Marshall Space Flight Center
National Aeronautics and Space A(Iministration
(Government Order No. H-29278A)
By
Thermonuclear Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee
(Operated by Union Carbide Corporation, Nuclear Division)
R
DISTRIBUTION Of THIS DOCUMENT IS UN[TMrt1r,
Table of Contents
I.	 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . 	 1.
	
II. Flux Flow Observations in a Bare Type II Superconductor. . . . 	 2
A. Introduction . . . . . . . . . . . . . . . . . . . . . . . 	 2
B. Experimental Arrangement . . . . . . . . . . . . . . . . . 	 2
C. Measurements . . . . . . 	 . . . . . . . . . . . . . . . . 	 3
D. Discussion	 . . . . . . . . .	 5
III. Short Sample Current-Voltage Characteristics of a
	
Multi-Strand Nb-Ti Compound Conductor . . . . . . . . . . 	 7
IV. Preliminary Measurements of Heat Transfer Between
Conductor Surface and Helium Bath . . . . . . . . . . . . 14
V.	 Conclusions . . . . . . . . . . . . . . . . . . . . . . 	 . . .	 17
	
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 18
	
Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 40
A. Review and Geometrical Interpretation. . . . . . . . . . . 40
B. Attempt to Apply Stekly's et al. Theory to
	
Our Experimental Results . . . . . . . . . . . . . . . 	 45
	
List of References - Appendix . . . . . . . . . . . . . . . . . 	 47
	List of Figures - Appendix . . . . . . . . . . . . . . . . . .	 48
iii
YList of Figures
Fig. 1 Flux flow voltage vs current as a function of transverse field
for a Nb -25% Ti strip at T = 4.2 ck. The zero point is displaced
for clarity.
Fig. 2 Flux flow voltage vs transverse field as a function of current
for a Nb -25% Ti strip at T = 4.20K. The zero point is displaced
for clarity. dH/dt ;^: 700 G/ sec.
Fig. 3 The normalized flux flow resistivity vs normalized transverse
field for a Nb -25% Ti strip at T = 4.20K. pn = 31.2 µf2 -cm and
H c2(0) = 100 kG. The circles are taken from the preset field
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I. INTRODUCTION
r
As a part of our previous investigations  the performance of "ideal
compound conductors" (superconductor in non-resistive state) has been
satisfactorily explained. Efforts were made to understand the performance
in the flux flow regime of the superconductors however, it became obvious
that the stability calculations need to be based on more extensive experi-
mental data. Therefore, at present our main concern is to undertake addi-
tional relevant experiments
It should be stated that our work described in this first quarterly
report is partly sponsored by the Thermonuclear Branch of AEC.
2II. FLUX FLOW OBSERVATICTIS IN A BARE TYPE II SUPERCONDTUCTOR
A. Introduction
One of the phenomena which must be studied in connection with magnet
instabilities is the dissipative process called flux flow. In spite of the
extensive experimental and theoretical work which has been done on the sub-
eject, some basic points remain unclear. In particular, the non-linear
regions of the I - V characteristics of Type-II strips in the flux flow
regime are not well understood. Also, the effects of sample geometry and
copper cladding on flux flow have not been sufficiently investigated.
We are conducting flux flow and critical current studies on 14b-25% Ti
strips. This alloy has an upper critical field somewhat lower (— 70 kilo-
gauss at 4.2c'K) than the commercial compositions presently being used as
the winding material for large magnet coils. In contrast to results ob-
tained with these commercially produced materials, we find that stable flux
flow states are obtainable with our samples over a wide range of field and
current, making it an interesting material to study. This is apparently
due to the relatively low pinning forces, and hence low critical currents,
characteristic of this composition.
B. Experimental Arrangement
The sample is a cold-rolled strip of Nb-25% Ti, 0.117 mm thick, 3.28
ma wide, and 7.6 cm long.	 The ingot was arc-cast from materials 99.
pure. It was then annealed at 1250 0C for two hours and fast-quenched in
We wish to thank J. 0. Betterton of the Metals and Ceramics Division
for use of his metallurgy laboratory and helpful advice in preparation of
the sample.
3ice water. No heat treatment was applied after rolling. As a result of
the heavy cold work, the normal state resistivity at low temperatures
changed from 28 01-cm to 31 PQ -cm -
Flux flow measurements and critical current data were obtained at 4.20K
with the field perpendicular to both the current and the face of the strip.
Measurements were made in the 6" bore, 85 kG copper solenoid of the Magnet
Laboratory, which produces a very uniform field over the dimensions of our
sample. Since the upper critical field of the material was about 70 kG,
use of this magnet enabled uo to take data in fields up to and above Hc2'
Current was introduced by pressing 2 cm lengths at the ends of the sample
between indium tinned bra ,3s blocks. Voltage contacts were secured to the
surface of the sample with conductive silver paint and were arranged so
that the inductive voltage resulting from raising the applied field at the
rate of 800 G/sec (the fastest rate used in these experiments) was entirely
negligible compared to the flux flow voltages. For our sample dimensions
we could not expect to observe the voltages below I  resulting from a chang-
ing magnetic field, as discussed by Taquet, 2 Rayroux, 3 and Druyvesteyn.4
C. Measurements
All the experiments reported here were performed at a bath temperature
of 4.20K. The relevant information was obtained either by presetting a con-
stant transverse magnetic field and taking x - y recorder traces of voltage
vs current until a take-off point wasreached, or by presetting the current
and measuring voltage vs field up to the upper critical field. A typical
example of the constant field experiment is illustrated in Fig. 1. The
general features to be noted are the non-linear rise at the onset of the
flux flow voltage followed by a relativel y wide region where the flux flow
Ago- ---
4
voltage increased linearly with increasing current. This region gradually
goes over to another non-linear increase of voltage with increasing current
until finally the take-off current is reached. It is worth noting that the
limited instability region increases with higher fields as indicated by the
increase in both the number and magnitude of flux ,jumps. From such curves
as these we were able to deduce the critical current, the take-off current,
the flux flow resistivity which is given by the slope of the .linear portions
of the V vs I curve, the power dissipation at the take-off point, and the
Lorentz force as a function of applied field.
A typical example of the constant current experiment is illustrated in
Fig. 2. The dependence of voltage on field follows the same pattern as the
V vs I data. The important features to be noted are the inflection point
in the voltage just after the onset of flux flow and the return to the
superconducting state at high fields (peak effect). These data provide a
check on the low field critical current, enable us to map out the width of
the peak effect for presentation in an I  vs H diagram, and also yield a
value for the normal state resistivity.
The origin of the peak effect is not completely understood. Maxwell
et al. 5 have recently set forth new ideas concerning the shape of the V - I
characteristics. Our results only partially support their contention.
They claim the shape of the flux flow voltage vs field curve goes from ex-
ponential to linear and becomes linear again after the peak, and then back
to exponential aS the superconducting state is reentered. Our results
would indicate an additional return to a non-linear region before the peak
is reached. Otherwise we are in essential agreement.
Recently Oladis 6 has shown for the Pb-In system and a Nb-50% Ta alloy
i
that the empirical relation In I oC V accurately describes the current -
5voltage values in the flux flow state. The data obtained with our Nb-Ti
sample replotte%:. i- this manner does not agree with this formulation.
D.	 Discussion
The normalized flux flow resistivity was determined from the data and
is shown plotted in Fig. 3 against H/H c2(0) . The normal state resistivity
is P  = 31.2 µSZ-cm and the upper critical field determined from the extra-
polation of the low field data is Hc2(0) = 100 kG. These values agree
reasonably well with pulsed field measurements taken on the Nb-Ti system.7
Owing to the peak effect in critical current, we obtain values of pf/pn > 1
in the vicinity of 65 kG. Since p  is a differential resistivity, these
results are not inconsistent with R f < R  at all fields up to 
H c2'
The critical current density is shown in Fig. 4 as a function of
	 i
applied field. Values for both preset current-variable-field and preset
field-variable current are shown. Since the values are essentially the
same for each of these experiments, premagnetization effects were not con-
sidered important. With the exception of the peak effect, the critical
current follows the Kim-Anderson expression, ce = J(H + Bo) with the assump-
tion Bo
 = 0.5 kG.
The magnitude of the critical current density, although much lower
than for commercial material, is consistent with tube magnetization experi-
ments performed with the same material. 8 Although a number of plausible
suggestions have been put forth on the origin of the peak effect, there is
still no theory that can explain adequatel; the experimental data. In
Fig. 5 the critical. Lorentz .force J  x H is plotted against field. This
force should ,just be equal to the pinning force at the onset of flux flow.
Up to the start of the peak effect in current, this force is well represented
6by a constant value. We see that the peak in current results in an even
more pronounced peak in critical Lorentz force.
Power dissipation in the sample commences when the critical current
has been exceeded. This continues up to a take-off current characterized
by a sudden increase in voltage and, consequently, increased power dissipa-
tion and heating. This take-off current density is shown in Fig. 6 as a
function of preset applied field.
The power associated with this take-off current is given by P = ImV.
T1hP5d' values of power dissipation are shown in Fig. 7. The magnitude of
rr•
this critical power is smaller than one would expect for a transfer from
nucleate to film boiling at the surface.
If the transition from the flux flow state to the normal state were
due to a critical heat flux being exceeded, then one would expect the power
level associated with the take-off point to be constant. Since this is not
the case, we conclude that the transition is mainly due to a property of
the superconducting state. More experiments are planned to elucidate this
point.
7III. SHORT SAMPLE CURRENT-VOLTAGE CHARACTERISTICS OF A
MULTI -STRANI D Nb -Ti COMPOUND CONDUCTOR
We measured current-voltage characteristics of a multi-strand Nb-Ti
compound conductor which had the outside copper dimensions 90 x 90 mils
and which contained 15 strands of Nb-Ti. The exact composition of the
sup,--rconducting material is unknown to us. This material was manufactured
by Avco Everett Laboratories for experimental evaluation only. A micro
photograph of the conductor cross section is shown in Fig. 8. The ratio
of the superconductor cress section area A s to the total cross section area
Atot is 0.277 (i.e.,  As:A cu  = 0.377) . Figure 9 is a photo of the sample
holder; its dimensions are shown in Fig. 10. The length of the sample was
100 in. Voltage taps were made across the entire sample, across the cen-
tral 10", and across two 1" segments spaced 8" apart.
The experiments were made in our magnet laboratory using a water
cooled magnet coil with 6.5 in. inside diameter (ohmic loss power 7 MW at
85 '_tG). The field strength was indirectly determined by measuring the mag-
net current. The current for the sample was provided by a motor generator
which was loaded with water cooled resistors arranged in the form of a
voltage divider. (Fig. 11). Sample currents of several thousand ampere
could be supplied. Current-voltage diagrams were made with constant values
of the external transverse field as the parameter. The accuracy of all
quantities involved was that cf the x - ,y recorder used. This accuracy is
specified to be 1.5%. Vapor cooled current leads of our design  were used.
a^
We would like to acknowledge the cooperation of D. L. Coffey, who
designed the sample holder and conducted the measurements of the I - V
characteristics.
8Optimized for 1350 amps, the boil-off ratio of a pair of leads is 0.00272
I/amp hour. This arrangement allowed us to operate with relatively small
helium losses.
Figures 12 and 13 represent the results of two series of runs with a
sample length of 10" (Series A and B) . Flux creep and .flux flow voltages
could be easily observed with external fields between 75 and 30 kG. The
conductor had a uniform voltage along its length, as the voltage across
each set of taps was proportional to its length. Indications of flux jumps
are apparent between 50 and 30 kG. However, the flux ,dump phenomenon will
not be considered here. The value of the "critical current," I c , which is
determined by the onset of an observable voltage depends, of course, on
the sensitivity of the voltage measurement (in case of our x - y recorder
diagrams about 5 x 10 -5 volt). The "take-off" points are breaks in the
flux flow voltage characteristics. With fields between 70 and 45 kG, it
was possible to keep the current after the take off in such limits that by
reducing the current definite voltage characteristics were recorded ("re-
sistance lines"). At the "recovery points" the voltage dropped to prac-
tically zero values.
In Fig. 14 the IV values corresponding to the take-off and xhe recov-
ery points are plotted vs field H. Under steady state conditions
IV = Q ,	 ( 1)
where a stands for the heat dissipated to the liquid helium. The Qm values
of the recovery points scatter around one constant value of approximately
4.1 watts for a total surfDce of 23.2 cm2 , i.e., 0.177 watts/cm2 . This
relatively low value might be explained by the fact that only a part of
9the conductor surface is freely exposed to the liquid helium. Since the
transition of film boiling to nucleate boiling takes place at a lower heat
dissipation rate, Qm , than the transition q4 from nucleate boiling to film
boiling, it might be expected that the take-off points should be lucated
at a horizontal line which is above the Qm value. Actually the take--off
values decrease appreciably with increasing magnetic field. A field depend-
ence of the take-off values has been observed with bare Nb-Ti ribbon experi-
ments (Section II), however, in quite a different way. We suggest that the
take-off points (in contrast to the recovery points) are not simply deter-
mined by reaching a temperature, TM , which is indicative of the unstable
transition from nucleate to film boiling. It is difficult to explain why,
in the case of the compound conductor, the 
^m 
values decrease with higher
fields. More experiments are under way with special attention to the
above-mentioned observation.
For external fields from 45 to 75 kG, the normal state I - V curves
(obtained after going through the thermal instability) had a straight line
portion before reaching a point at which superconductivity was restored
( recovery point in Fig. 13) . The resistivity of copper is a weak function
of temperature below 100K, so the resistance measured just above the normal-
superconducting transition is taken to be the resistance of the copper at
4.20K. A plot of p^ 
u 
vs magnetic field is shown in Fig. 15. For compari-
.. —
son, a magneto-resistance curve of OFHC copper is shown. 10 The values of
resistance are in reasonable agreement. However, to clarify this point, we
plan to investigate the p vs H and p vs T characteristics of this type of
conductor in more detail. In the following evaluation of our flux flow
experiments, our measured p(H) values will be used.
10
In our calculations we assume very good electrical and thermal conta--t
between superconductor and stabilizer, so that the potential drop V per
unit length and the temperature T refers to both the superconductor and the
stabilizer. Furthermore, we assume that V is constant along the compound
conductor segment (no ,joint effects) and that T is uniformly distributed.
For currents below the critical current I c , the temperature T is equal
to the liquid helium bath temperature Tb . The maximum temperature TM,
where instability is reached, is not too much higher than Tb . The maximum
temperature difference TM = TM - T  is about loK. For any specified exter-
nal field il, the stabilizer resistance per unit length, R, can be considered
to be constant in this small temperature interval. Since the total current
I is the sum of the stabilizer current I and the current I which flows
cu	 s
through the superconductor,
V = R(I - I) = pcu (I - I )	 (2)S ) T--
 scu
This equation can be written as
I s
 = I - R	 ( 2a)
Since I and V are directly measured, and (as we showed previously) R can
be determined independently, Eq. (2a) allows one to correlate I s with I and
V. This is shown in Fig. 16. For currents I slightly larger than the crit-
ical value I c , the total current flows almost entirely through the supercon-
ductor and reaches a maximum. With increasing I the superconductor current
decreases and the stabilizer current increases. This performance is due to
the increase of the temperature T. It is of interest that in the case shown
in Fig. 16, at the take-off point the superconductor current is about 2/3
and the stabilizer current about 1/3 of the total current IM.
li
Experiments with bare superconductors in flux flow state show that the
dVdifferential resistance dI is almost constant for currents a certain amount
larger than the critical current I  at the temperature T. For a constant
value of T and a specified value of H, typical I - V characteristics of
bare superconductors are shown in Fig. 17. We observed case (a) where
I < I , and case (b) where I > I . I is the intersection of the ex-
c	 o	 c	 o	 0
tended, approximately straight part of the I - V characteristic of a bare
superconductor with the I-axis. For this approximately straight part of
the I - V characteristic
	
Vf =Rf(I s -Io ,	 (3)
For the flux flow resistance Rf , Kim et al. 11 found the empirical equation
P f	 pn H
R f = As = As Hc2
P  is the resistance of the superconductor in normal state, and H c2 is the
upper critical field of the superconductor. For any specified superconduct-
ing material, R  depends on the temperature and the field H; however, physi-
cal imperfections (precipitation, cold work) are of very little influence,
whereas I 0(T, H) is strongly dependent on these imperfections.
For a compound conductor
V = pcu (I - I ) = pn H ( I - I )Acu	 s	 As Hc2 s	 o
Therefore,
pn H
	 pcu
I =
	
As H	 A	c2	 I +	 cu	 I
s pn H	 pcu ° pn H	 pcu
As Hc2 Acu	 As Hc2	 CuA
(5)
(6)
I
12
If we define
F = pcu A s Hc2
p  Acu H
then Eq. (6) becomes
I 
_	 1	 F	 T	 (^)s	 1+F I o + 1+F 1
Pcu/pn is of the order of 10 -3 ; for stabilized compound conductors, As/Acu
is about unity; for external fields H > 10 kG, H c2/H is of the order of
10. Therefore, F << 1, and under this condition from Eq. (8) it follows
that
Is - Io 	 (9)
Equation (2) becomes
V = R(I - I o) ,	 (10)
i.e., with not too low external fields and with currents a few percent
higher than I o , the I - V characteristic of a compound conductor is prac-
tically independent of the numerical value of the flux flow resistance of
the bare superconductor and depends on the function I 0(T, H) only. It
should be mentioned her- that presently no experimental evidence exists
for the assumption that the performance of a compound conductor is deter-
mined by the properties of the bare superconductor and those of the stabil-
izer. It is possible that a superconductor in close electrical and thermal
contact with the stabilizer material displays a different performance due
to surface effects. We intend to make experiments in order to elucidate
this point.
(7)
13
For a specified field H and considering the small values of T we try
to express the dependence of 1  on T and, therefore, on Q = IV by
1  = I (1 - p IV)	 01)
These values can be compared with the measured values (Eq. 2a),
I = I = I - V
s	 o	 R
Plots of the experimental data (with H = 70, 60, 50, 45, 4o, and 35 kG)
showed that the linear approximation (E q. 11) is very good. Figure 18
shows such plcts for 70 and 35 kG.
The dependence of I and p on H is shown in Table I.
TABLE I
Is H/kG 70 60 50 45 4o 35
loop/ C watt) 3.03 4.52 4.27 4.605 4.36 4.49
I*/amp 505 611 748 860 972 1132
I c/amp 480 610 760 877 995 1150
(I* - I c Vamp 25 1 -12 -17 -23 -18
Despite the fact that the 
1  vs 
IV curves can be very well approxi-
mated by straight lines, the values of p in Table I show appreciable
scattering. However, it can be stated that for 70 kG the p -value is
essentially smaller than for lower fields. Furthermore, the small differ-
ence 1 - 1  changes from positiie values at high fields to negative values
at smaller fields.
I
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IV. PRELIMINARY MEASUREMENTS OF HEAT TRANSFER BETWEEN
CONDUCTOR SURFACE 1AUTID HELIUM 13ATi:
For the evaluation of the performance of compound conductors, it is
desirable to know numerical data of the heat trans_er between the conductor
surface and the helium bath fcr specified conductor cross sections. The
goal is to obtain Q(T) diagram s. under various conditions. The simplest
case is a bare, snort sample of the conductor in a helium bath with no ob-
struction against free helium flow. For application to the stability of
superconducting magnet coils, it is necessary to make similar measurements
with appropriately insulated compound conductors and with boundaries around
the sample which obstruct the helium flow in a similar way as is the case
in the winding of a coil.
The results of basic heat transfer measurements between metal surfaces
and liquid helium with various cross sectional geometries have been pub-
lished. They concern either thin bare wires 12 or vertical flat Ag surfaces13
or hollow cylinders 14 and cannot be easily applied to our cases. We, there-
fore, are making new measurements with the geometries of the surfaces of
the compound conductors used in our stability measurements.
Our first experiments were made with hand-sanded (using No. 600 car-
borundum paper) copper conductors of 88 x 88 mils cross section (3.5 inches
long) similar to the external surface of the compound conductor whose cross
section photos are shown in Fig. 8. The copper conductor was internally
heated by means of a formvar insulated nichrom heater (Fig. 19). The
heater was a No. 26 nichrom wire which was greased with silicon grease (to
produce thermal contact to the copper) and passed through a longitudinal
hole in the sample. As temperature indicator we coated one vertical surface
15
of the copper conductor with 50/40 lead-tin solder, which has critical
temperature of about 7°K.
The principle of this measurement is as follows: 15 Let us first
assume a certain Q( T) characteristic for the heat transfer between copper
surface and helium bath (Fig. 20). Let T  be the difference between the
critical temperature, T c , of the indicator material and Tb , the temperature
of the nelium bath. In Fig. 20,TM
 indicates the temperature where the
transition occurs from nucleate boiling through an unstable zone to the
film boiling region at TM. When raising the heater power. Q to the value
QM , the temperature difference T jumps from TM to TM and the temperature
indicator material becomes normal. When Q, is reduced to k I Tm jumps to
'tm and transition from nc rmal to superconducting state occurs.
It was originally intended to detect the superconducting to normal
transition by passing a small current, I 2
 (Fig. 19), through the film and
measuring the voltage across it. Kcwever, thermoelectric potentials were
so large that this method could not be applied directly. We assume that
these potentials were due to temperature gradients generated in the solder
contacts of the sample. Figure 21 shows the thermoelectric potential, Vth,
plotted vs the power per unit surface area, Q, furnished to the sample.
We found an increase of the thermoelectrical potential when Q exceeded ,a
value of about 0.35 watts/cm2 . When the power was reduced to Q = 0.22
watts/cm2 , a sharp drop of the thermoelectrical potential V th occurred.
It was noted by visual observation of helium bubble formation that the
transition of Vth at about Q = 0.35 watts/cm2 was not simultaneous at all
places on the sample. however, the transition of Vth at Q = 0.22watts/cm2
was well defined and occurred over the whole sample at one time.
16
Because of the sharp transition of the V th after reducing the power
to values < 0.22 watts/cm2
 and the visual observation of a simultaneous
sudden termination of bubble production, it seems to be permissible to
identify the value 9 = 0.22 watts/cm2
 with k. Considering heat losses
in the potential leads, this value seems to be too high. This method seems
to be unusable for finding QM, since the thermoelectric potential. change
was not sharp and no clear simultaneous visual observation was possible for
Q = 0.35 watts/cm2 . We therefore abandoned this procedure entirely and
developed. a new measurement method which gave as a first result an approxi-
mately 10,% lower value for Qm
 and about 0.7 watts/cm 2 for the value of QM.
We are refining these measurements and we intend to publish the results in
the next quarterly report.
17
V. CONCLUSIONS
We made experiments with a bare Nb-25A% Ti strip which was sufficiently
free of physical imperfections so that flux flow characteristics could be
observed over a wide range of the external H. With H up to about 65 kG,
the flux flow curve was terminated by "take-off points" to the normal state.
At these take-off points the heat dissipation per unit area of the sample
increased from about 0.15 to 0.45 watts/cm2 with increasing fields. With
about 50 kG a "recovery point" corresponded to approximately 0.22 watts/cm 2.
This value can be understood as the transition from film boiling to nucleate
boiling. The take-off points, however, cannot be explained as a simple
result of the transition from nucleate boiling to film boiling.
Another series of experiments has been made with a "stabilized" Nb-Ti
multi-strand conductor. In a field range from 30 to 75 kG flux flow could
be observed. The recovery points corresponded to about 0.18 watts/cm2 and
can be explained by the transit-ion from film boiling to nucleate boiling.
The power per cm  at the take-off points was about 0.2 watts/ cm 2 for fields
up to about 35 kG and decreased to about 0.16 watts/cm 2 for higher fields.
This observation shows that also in the case of this compo rond conductor the
take-off points are not determined by a simple heat transfer phenomena.
Our preliminary heat transfer measurements support the above conclusions.
Finally, it should be mentioned that it is not possible to understand these
phenomena on the basis of the present knowledge of flux jumps.
18
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aAPPENDIX
ON STEKLY'S ET AL. THEORY OF COMPOUND CONDUCTORS
A.	 Review and Geometrical Interpretation
J. J. Z. Stekly et al. developed a theory of the performance of com-
pound conductors  which proved to be very helpful for aualitative under-
standing of these intricate phenomena. This theory uses a stability
•11.
parameter, cx, which is defined as
PI
2
c
Cc = hPA Tc
 - T 	 (^)
where
I - •- Critical current at the desij;n value of the magnetic field,
T  - Critical temperature at zero current in the superconductor at
the design value of the magnetic field,
T  - Bath temperature (T s = Tcu = T, the temperatures of the su-per-
conductor and the stabilizer),
p/A = R Resistance per unit length of the stabilizer,
h - Heat transfer coefficient from the surface of the conductor
..o liquid helium,
P - Cooled perimeter of the conductor cross section.
For Q > .l stability cannot be achieved. For stable operation a < 0.5
is desirable. In addition to this stability criterion, the stability of
the heat transfer from the conductor surface to the liquia hFiium must be
considered. 2 This can be done either by taking into account a heat trans-
fer-temperature characteristic Q(T - T b ) of any shape 3
 or, in first approx-
imation by assuming a linear heat transfer characteristic h(T - T b ) up to
40
L._.
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a critical temperature T  and a constant heat transfer value Qm for
T > T .4m
In the derivation of Stekly's equations, it is assumed that the cur-
rent I s in the superconductor is approximately equal to the critical cur-
rent I c(T). It is possible to consider any empirical relation I c(T) when
a graphical method for finding the I - V characteristic is employed. For
calculations, an approximated linear relation,
T - T
C
I(T) = I d^(1 - T - T )
c	 b
is assumed. Here I cb stands for the critical current at the bath temper-
ature.
In the following, we will demonstrate some geometrical properties of
the I - v diagrams derived from Stekly's equations. The two basic
equations
ICU = PA = I - I s = I - I c	 (3)
and
Q = VI = hPA( T - Tb )	 (^+)
can be written as
v = i - (1 - t)	 (5)
and
t - avi ,	 (6)
when the dimensionless quantities
(2)
A
PI cb
42	 }
i = II	 (a)
cb
and
T - T 
♦^ ^ T -T	 (9)
c	 b
are used. From Eqs. (5) and (6) it follows that
avi + i - v = 1 .	 (10)
Theref ore,
v = 1 - ai	 (11)
and
i- 1+v	 (12)
+ av
Equation (10) rearranged yields
( 1 - a) (`j + 1^ ) = a -21	 (13)
a
First we consider the case a < 1. The i - v characteristic is a part
of a hyperbola as shown in Fig. 1. The intersection 0' of the two asymp-
totes A l and A2 of the hyperbola has the coordinates 1  = 1/a and v  = -1/a.
'he hyperbola is symmetrical to the line 00'. The hyperbola intersects the
i-axis at the poi- *. P 1 ( i = 1) , the v -axis at the point P2 (v = .1). The
line v = i corresponds to the superconductor in normal state (V = pI/A).
The hyperbola intersects this line at the point P 3 (i = v = 1/5) .
We assume an i-value in the range 1 < i < 1/5 ( point P4) . The cor-
responding point on the v - i characteristic is P. We introduce the dimen-
sionless quantities i
cu Icu/Icb and i s = I s/I cb . These quantities are
43
represented by the line segments P 4 P and PP 5
, respectively. The point P6
is determined by drawing the line PP  parallel to P 50. From Eq. (5) it
follows that the length of the segment P 6 P 1 is equal to the normalized
temperature t .
For Of = 0 the hyperbola degenerates to a straight line through P 1 and
P2 ( the point 0' moves to infinity) . For CX = 1, the point 0" has the co-
ordinates i = +1 and v = -1 and the hyperbola degenerates to the straight
lines Ai and A'
For Q > 1 an unstable i - v characteristic results which is shown in
Fig. 2. It is a segment P 
1 
P 
3 
of a hyperbola which is located in the first
quadrant of the plane divided by the asymptotes A l and A2 (in contrast to
the case a < 1, where the hyperbola was located in the second quadrant).
Again, the location of 0' is detenni.ned by the coordinates 1  = 1/6 and
vo = -1/a, and that of P 3
 by io = vQ = 111CY (which is < 1) . The length
OP is, of course, equal to one.
As has been mentioned previously, Stekly et al. consider the case
that a linear heat transfer characteristic holds up to a critical tempera-
ture T  and then the heat transfer value 
stn is constant. In this case, too,
the geometry of the i - v characteristic is very simple. 6 In Fig. 3 an
i - v characteristic P 1 P 2 is shown which is a segment of a hyperbola (E qs.
10 and 1-3) . The point P2 is reached when
v  = im - (1 - tm)	 (5a)
For any Cx-value, P 2
 is located on a straight line which intersects the
i-axis at the point P 3
 and the distance P 
3 
P 1 is equal to tm . For any
point P4 on the (unstable) segment P 2 P 5 of the i - v characteristic
^nA
= avi
4m pIcb
( 6a)
we have
4+
Therefore, P,} is located on a hyperbola with the asymptotes i = 0 and v = 0.
Of course, for this segment Eq. (6) is not valid. Point P 5 has the coordi-
nates
t
im
 = vii =	
a 
m	 (14)
The actual i - v characteristic is expected to be determined by the points
pl y P2 , P6 , P 5 , and P7.
It should be mentioned here that similar simple equations can be de-
rived for a model which considers a thermal resistance between supercon-
ductor and stabilizer. ?
 In this case Stekly et al. introduce an additional
constant,
2
a =	
P Icb
i	 A	 P. h. T
cu 1 1 c
(15)
Pi is the circumt'erence of the superconductor, h i refers to the resistance
layer between superconductor and stabilizer.
A simple calculation yields
	
is = 1 - is ,	 (16)
	
t s.. - tcu = 
Ce 
v i s	 ( 17)
	
tcu = a v i ,	 (lb)
45
1 +v +a, v2
i =
	 1	 (19)l+ a+a i v
For very small thermal resistance between superconductor and stabilizer
h i --) oo , and, therefore 
ai ---)0. The correspondence of Eqs . (18) and (19)
with previously de-rived equations (6) and (12) is obvious. The stability
criterion is
di.
a—%,I V?o0 .
By differentiation of Eq. (19) we obtain
a+a i < 1
(20)
(21)
B. Attempt to Apply Stekly's et al. Theory to Our Experimental Results
If we write Eq. (1) in unnormaiized form we obtain
1	 1a R VI - R VI cb = I cb(I - Icb ) ( l0a)
Tne stabilizer resistance R depends on the magnetic field. For small tem-
perature diff-rences, the temperature dependence of R can be neglected. A
measurement of the I - V characteristic with any constant external field H
yields the value of I cb . If we consider a and R as the unknowns, two
measured points 1 1 ,V1 and I 2 ,V2 are sufficient to determine a and R by
means of two equations obtained from Eq. ( l0a) .
We followed this procedure in evaluating our compound conductor
measurements described in Section III. We considered the cases ii = 70 kG
and H = 60 kG. The results are shown in the following Table I (compare
Fig. 4) .
6
H/kG
I cb /amp
I1/amp
V1/mv
I2/amp
V2/mv
a
108p/1Cm
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Table I
70
48o
562
2
655
5.6
0.533
1.43
60
610
672
2
747
5.1
0.478
2.37
Figure 4 shows that the fit of the curves calculated with the Q and p
values obtained is not too bad. However, the p values are obviously con-
tradicting the magneto-resistance perf ormance of the copper stabilizer.
Also, for each specified H the calculated values are very sensitive to
the choice of the I l ,Vl and I 2 ,V2 points on the I -- V characteristic
which were used for evaluation. Furthermore, it should be mentioned again
that the take-off points could not be correlated with one constant
value. Finally, in Eq. (2) not only I eb but also T  are field dependent.
The resulting field dependence is not verified by our experiments.
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